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Gene-based therapies for the induction of spinal fusion 
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Numerous mesenchymal growth factors with osteogenic properties have now been identified. Although many of 
these proteins can induce bone formation when delivered on a carrier matrix, these approaches have not been fully 
developed in the laboratory or clinic. The expression of osteogenic proteins via direct or ex vivo gene therapy tech- 
niques is also compelling because high-level, long-term gene expression can now be achieved using novel viral and 
nonviral vectors. In this brief review the authors will highlight recent advances in genetic therapies for the induction 
of osteogenesis, as well as their potential use for the promotion of spinal arthrodesis. 
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The potential use of DNA transfer techniques is a theo- 
retically attractive approach for the induction of spinal ar- 
throdesis. It has been shown in numerous studies that viral 
vectors can be used to implant osteoinductive growth fac- 
tor genes directly into the paraspinal musculature or into 
cells that are subsequently implanted adjacent to the spine 
to enhance the activation and differentiation of pluripotent 
stem cells to produce mature bone. 1 ' 16 - 23 ' 29 The use of gene 
therapy to upregulate bone growth factor production is 
theoretically attractive because long-term, tissue-specific, 
inducible rhGF production may have distinct advantages 
over direct protein delivery. Although BMPs are probably 
the most potent proteins for inducing osteogenesis, other 
polypeptides may also be clinically relevant, including 
TGF-(5, acidic and basic fibroblast growth factors, insulin- 
like growth factors 1 and 2, and PDGF. 

GENE-BASED THERAPIES 

Bone Morphogenetic Proteins 

The BMP field began in the 1960s when Urist 34 demon- 
strated that demineralized bone matrix could promote 
endochondral bone formation when implanted ectopically 
in rodents. His research laboratory subsequently demon- 
strated that this osteogenic activity was induced by low- 
molecular weight glycoproteins isolated from bone and 
that these proteins could promote bone formation when 
delivered to ectopic or orthotopic locations. 35 With the ad- 
vancement of molecular biology techniques, Wozney, et 
al., 37 and Celeste, et al., 8 cloned the first BMPs. Bone mor- 
phogenetic proteins have now been demonstrated to com- 



Abbreviations used in this paper: BMP = bone morphogenetic 
proteins; CT = computerized tomography; PDGF = platelet-derived 
growth factor; rhBMP = recombinant human BMP; rhGF = recom- 
binant human GF; TGF-p = transforming growth factor-p. 
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prise a large number of proteins within the TGF-P su- 
perfamily, which have similarities in their amino acid se- 
quences. 8,37 These proteins display a remarkable range of 
physiological activity and play a major role in the growth 
and development of numerous organ systems, including 
the heart, kidney, gonads, liver, skeleton, ligaments, ten- 
dons, and skin. 30 These proteins bind to specific trans- 
membrane receptors, which function as serine/threonine 
kinases, to phosphorylate members of the Smad second 
messenger family. 12,13 These activated second messengers 
subsequently translocate to the nucleus, where they regu- 
late the transcription of a variety of genes involved in 
diverse physiological functions such as cellular migration, 
proliferation, and differentiation. Bone morphogenetic 
proteins have not only been shown to be essential for nor- 
mal skeletal development, but the proteins and their recep- 
tors have also been found in osseous regeneration in frac- 
ture repair. In numerous studies authors have now 
demonstrated that BMPs, delivered on biological and non- 
biological matrices, can successfully treat long bone frac- 
tures and induce spinal fusions in rodents, rabbits, dogs, 
and primates. 51018 Boden, et al., 5 have also demonstrated 
that rhBMP-2 can successfully induce spinal fusions in 
humans. In a preliminary study, 14 patients received inter- 
body fusion cages filled with autogenous bone graft or 
with rhBMP-2 on a collagen carrier. A shorter hospital 
stay was demonstrated in the rhBMP-2-treated case group 
compared with the autograft group, and in all patients in 
the rhBMP group solid fusions were radiographically 
demonstrated at 6 months. It is becoming clear that 
rhBMPs will have a major impact on the treatment of spi- 
nal instability in the future. 

Transforming Growth Factor-fi 

Transforming growth factor-p also has a stimulatory 
effect on bone regeneration, and it has been extensively 
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studied in the field of bone repair. 7 Similar to the BMPs, 
TGF-0 stimulates mesenchymal stem cell proliferation 
and differentiation. It also promotes angiogenesis, inhibits 
procollagenase, promotes extracellular matrix deposition, 
and is chemotactic for fibroblasts and macrophages. Its 
overall osteoinductive potential is fairly weak compared 
with some of the osteoinductive BMPs. Transforming 
growth factor-0 like the BMPs, forms heterotetromeric 
complexes with their appropriate serine/threonine kinase 
receptors, which subsequently transphosphorylate Smad 
intracellular second messengers. 124 * Numerous studies 
have been performed to examine the effects of TGF-(3 in 
bone fracture models. Although the effects of TGF-(3 are 
difficult to compare among these studies because of differ- 
ences in experimental animal models, delivery techniques, 
and differences in the delivered TGF-3 isoforms, it appears 
that TGF-P does have the ability to promote healing of 
fractures but certainly not as impressively as BMPs. 24,27 

Platelet-Derived Growth Factor 

The production of PDGF begins with the expression of 
two polypeptide chains called A and B. 33 The expression 
of these chains in cells leads to the production of three 
molecules, PDGF-AA homodimers, PDGF-BB homo- 
dimers, and PDGF- AB heterodimers. It appears as though 
PDGF-AA acts as a local osteogenic growth factor, 
whereas PDGF-BB and PDGF-AB act in a systemic fash- 
ion. Platelet-derived growth factor is typically synthesized 
by a variety of cells, including monocytes, macrophages, 
and platelets. It has a strong stimulatory effect on mesen- 
chymal cells, including chondroblasts and osteoblasts. For 
example, it stimulates osteoblast proliferation, as well as 
collagenous and noncollagenous protein synthesis. 20 
Several research groups have been studying PDGF as it 
relates to the healing of normal fractures and also as an 
osteogenic growth factor to stimulate osteoinduction. 
Andrew, et al., 3 performed biopsy sampling of 16 fracture 
sites at various times after injury, and they evaluated the 
specimens by PDGF immunohistochemistry and in situ 
hybridization. Platelet-derived growth factor-A chains 
were found to be expressed in endothelial cells and mes- 
enchymal cells at the injury site, whereas the PDGF-B 
chain was found to be localized in osteoblasts. The find- 
ings of this study demonstrate that PDGF may play an 
important regulatory role in fracture repair. In a separate 
study, Nash, et al., 26 demonstrated in rabbits that PDGF 
delivered on a collagen carrier had clear osteogenic activ- 
ity compared with collagen alone. In the PDGF-treated 
animals significantly more callous formation was dem- 
onstrated compared with control animals; this led to im- 
proved biomechanical strength in the PDGF-treated 
group. The osteogenic potential of PDGF is currently be- 
ing harnessed clinically through the use of synthetic graft 
materials treated with platelet-rich plasma, which has high 
levels of PDGF, TGF-a, and TGF-J3. 25 This interesting 
protein clearly displays unique activity, which may be 
combined with other growth factors to improve osteoin- 
duction in the clinical setting. Gene therapy techniques 
used to induce the expression of the aforementioned genes 
in regions requiring bone regeneration may prove to be an 
excellent approach to promote bone formation in a variety 
of clinical situations. 
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BACKGROUND OF GENE THERAPY 

Somatic gene therapy is a strategy in which specific 
genes are inserted into target cells to alter their genetic 
repertoire for therapeutic purposes. Although initial clini- 
cal trials on gene-based therapy have demonstrated limit- 
ed success, the potential use of genetic therapeutics con- 
tinues to excite basic scientists and clinical researchers in 
virtually every field of medicine. 6,15 The common difficul- 
ties that typically occur in gene therapy studies include 
inadequate cellular transduction rates and insufficient 
transgene expression. Currendy, both viral and nonviral 
vectors are being developed as potential gene delivery ve- 
hicles. In this review, we will discuss only the major viral 
vectors, which include adenoviruses, adeno-associated vi- 
ruses, retroviruses, and herpes viruses. 

Adenoviral Vectors 

Adenoviruses are double-stranded DNA viruses that 
bind to specific cell surface receptors and enter cells by 
endocytosis, and the contents of the virus are then released 
into the cytoplasm. 2132 Genes within the virus are divided 
into immediate-early genes, early genes, and late genes 
according to the period in which the genes are expressed. 
The immediate-early genes activate early gene transcrip- 
tion, the early genes are involved both in subsequent viral 
replication and host immune evasion, and the late genes 
code for structural proteins of the virus. 21 In most aden- 
oviral vectors studies to date the vectors are derived from 
the adenovirus serotype 5, which is rendered replication 
defective by deletion of certain early genes, typically the 
El region. 

The advantages of adenoviral vectors include: the abil- 
ity to produce high titers of virus; its low toxicity; its ex- 
trachromosomal life cycle, which reduces the risk of 
insertional mutagenesis; and its ability to transduce a wide 
variety of cells. 21,22 The virus can also accommodate up to 
8 kb of foreign DNA. Its disadvantages stem in part from 
its advantages. Because the virus does not integrate into 
the cellular genome, the duration of gene expression is 
limited, and therapeutic genes are not passed to the prog- 
eny of the transduced cells. In addition, humoral and cel- 
lular immune responses at the adenoviral vector treatment 
site can markedly diminish transgene expression levels. 
Research is currently being undertaken to attenuate fur- 
ther the host immune responses against the adenoviral 
vectors, such as deleting the viral DNA polymerase gene 
(Apol adenoviral vectors) or completely eliminating the 
viral genome in the adenoviral vector (gutless adenoviral 
vectors). 



Adeno-Associated Viral Vectors 

The use of adeno-associated viral vectors for the ap- 
plication of BMP gene therapy is a compelling approach. 14 
For several reasons the adeno-associated virus vector, 
which is a defective single-stranded parvovirus, is a 
unique and attractive vector for gene therapy studies: it 
integrates stably into cellular genomes; has the ability to 
transduce a variety of host cells; maintains high levels of 
gene expression; and can transfect both proliferating and 
quiescent cells. Its ability to integrate without causing any 
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long-term toxicity, to be relatively heat and pH stable, and 
to be generated at high titers also makes it ideally suited 
for gene transfer. Numerous studies have demonstrated 
that adeno-associated vectors can efficiently transduce 
muscle and other cells in vivo, causing little inflammato- 
ry response. Fisher, et al., 14 have reported that adeno-asso- 
ciated virus lacZ can clearly transduce muscle cells in 
mice and that its genome is efficiently incorporated into 
the nuclear region, where it is maintained as head-to-tail 
concatamers. Adeno-associated virus vectors seem to in- 
sert at single integration sites, and interestingly, no cyto- 
toxic T-cell response occurs after vector treatment. Other 
investigators have subsequently demonstrated that adeno- 
associated viral vectors can transduce muscle cells with 
reporter genes, the mouse erthyropoetin gene, the alpha-1 
antitrypsin gene, and the cystic fibrosis transmembrane 
conductance regulator gene in a variety of animals, in- 
cluding rodents, canines, and primates. In an important 
recent report, Bohl et al., 6 also demonstrated that the DNA 
inserted into adeno-associated virus vectors can be large 
enough to include an inducible promoter, which can be 
used to regulate transgene expression. Although the pro- 
duction of adeno-associated virus vectors was initially 
fraught with technical difficulties, current techniques of 
vector production led to a high yield of recombinant 
adeno-associated virus that is completely free of wild-type 
adeno-associated virus. 

Retroviral Vectors 

Retroviruses are RNA viruses that enter cells through 
interactions with viral envelope proteins and cell surface 
glycoproteins. Once they enter the cytoplasm, retroviral 
reverse transcriptase produces a double- stranded DNA 
copy, which subsequently integrates into the host genome 
during mitosis. The transduced progeny cells all carry the 
transgene after the integration. 

One disadvantage of retroviral vectors is that retro- 
viruses can only integrate their genetic material into pro- 
liferating cells. 11 Because normal tissues adjacent to the 
spine are relatively quiescent, adequate transduction by 
direct injection may be difficult to achieve. Another major 
disadvantage of retroviral vectors are their low rate of 
infectivity and instability of the virions. To circumvent 
this, retroviral vectors are typically introduced via vector- 
producing cells. These cells, often-modified fibroblasts, 
can transiently produce larger quantities of virus and im- 
prove the transaction rate. In animal tumor models this 
rate can be increased from less than 5% to over 50%, 
although it is thought that the transduction rate in studies 
of human brain tumor remains low. 28 The use of retro- 
viruses for the delivery of osteogenic genes will most like- 
ly be limited to ex vivo approaches such as for the genet- 
ic modification of osteoblastic progenitor cell populations. 



Herpes Viral Vectors 

Herpes viruses are double-stranded DNA viruses that 
can induce significant lesions such as cold sores and en- 
cephalitis in humans. Typically, the viruses remain dor- 
mant and cause no significant disease. In most previous 
gene therapy studies the investigators have used herpes 
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viral vectors composed of herpes simplex type 1. In the 
normal life cycle of these viruses, the virion fuses with the 
cell membrane and is transported to the nucleus, where, 
after several phases of gene transcription, the cell lyses 
and releases progeny viral particles. Herpes viruses also 
have the ability to enter a latency phase, during which the 
viral genome is not actively transcribed. This latency 
phase can be lost during cell division. 21 

Herpes viral vectors have the advantage of being able to 
accommodate up to 40 kb of foreign DNA, and they can 
infect both proliferating and quiescent cells. Herpes viral 
vectors can be used to insert foreign DNA into a variety of 
cell populations, including myocytes with limited toxicity 
and may, therefore, potentially be a reasonable vector for 
gene therapy. 9 



GENE THERAPY WITH OSTEOGENIC GF GENES 

Osteogenic growth factor gene therapy has multiple 
advantages over the direct administration of the therapeu- 
tic peptide. Currently, growth factors need to be delivered 
on biological or nonbiological carrier systems, which may 
make them difficult to deliver in a minimally invasive 
fashion. Direct-approach gene therapy techniques have 
the advantage of being able to express growth factors in 
target cells continuously, for short or long periods of time, 
which may improve the osteogenic potential for each spe- 
cific protein. 17 In addition, because direct gene therapy 
approaches can be performed in a percutaneous fashion, 
they may make delivery less invasive than direct pro- 
tein/carrier delivery. Genetic therapies also have the capa- 
bility of expressing BMPs in a regulated fashion by using 
inducible promoters. Therefore, gene expression can be 
upregulated or downregulated externally as the clinical 
situation changes. Further, gene therapy has the capability 
of expressing proteins in specific cells by using tissue-spe- 
cific promoters or modified vectors with tissue-specific 
tropism. Because the costs associated with producing re- 
combinant human proteins remains high, genetic ap- 
proaches may be not only more effective but also more 
cost efficient. 

Numerous research groups are currently studying BMP 
gene therapy for the induction of numerous tissues, in- 
cluding bone, cartilage, ligament, and tendon. To date, 
first generation adenoviral vectors containing the BMP-2, 
-4, -6, and -9 genes have successfully induced osteogene- 
sis in rodents. 236 These first-generation vectors, however, 
consistently induce an immune response, which can se- 
verely limit their osteogenic potential. The use of athymic 
nude rodents or immunosuppression has a positive effect 
on the volume of bone formation when these vectors are 
used, indicating that transgene expression may be ade- 
quate if the induced immune response can be attenuated. 
Further advances in vector technology need to be made 
before adenoviral vectors can be used in the clinical set- 
ting. In the paraspinal region, both BMP-2 and BMP-9 
gene therapy have successfully induced spinal arthrodesis 
in athymic nude animals. 116 In these studies, the vector 
was injected percutaneously into the paraspinal muscula- 
ture. Within 3 months, a large fusion mass was observed 
at the injection site, which solidly fused at least two spinal 
levels. The induced bone was in direct contact with the 
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Fig. 1. Three-dimensional reconstructed CT scan of a rodent 
thigh musculature injected with a gutless adenoviral vector con- 
taining the human BMP-9 gene (Ad-gtls-BMP-9\ demonstrating 
ectopic bone formation (arrow) at the treatment site adjacent to the 
femur (0- 



host bone and clearly produced a solid spinal fusion, with- 
out evidence of neural compromise in the central canal or 
lateral regions. Studies are currently underway on gut- 
less adenoviral vectors and adeno-associated viral vectors, 
which should have a markedly reduced immune response 
compared with first-generation adenoviral vectors. The 
three-dimensional reconstructed CT scan in Fig. I demon- 
strates an athymic nude rat thigh injected with a gutless 
BMP-9 adenoviral vector (Ad-gtls-BMP-9). Evidence of 
bone formation is clearly evident at the injection site, as 
early as 3 weeks after treatment. In addition, the three- 
dimensional reconstructed CT scan in Fig. 2 reveals a ro- 
dent thigh injected with a BMP-6 adenoviral vector with a 
partially deleted DNA polymerase gene (Ad-Apol BMP- 
6), again demonstrating clear evidence of ectopic bone 
formation. With further development of these less anti- 
genic adenoviral vectors, the novel BMP vectors may be 
quite useful in the clinical setting. 




Fig. 2. Three-dimensional reconstructed CT scan of a rodent 
thigh treated with a BMP-6 adenoviral vector containing a deleted 
DNA polymerase gene (Ad-Apol-BMP-6) y revealing ectopic bone 
formation (arrow) at the injection site adjacent to the femur. 
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Fig. 3. Three-dimensional reconstructed CT scan of a rodent 
spine treated with two injections of human mesenchymal stem cells 
transduced with the human BMP-9 gene via an adenoviral vector. 
Note the significant bone formation adjacent to the lamina and 
spinous processes at the treatment sites (arrows). 



The authors of several studies have demonstrated that 
the number of mesenchymal stem cells present in the body 
markedly decreases with age, most likely accounting for 
the diminished rates of healing of skeletal fractures seen in 
elderly patients. In newborns, the number of mesenchy- 
mal stem cells in bone marrow is one per 10,000 marrow 
cells, whereas in the elderly the number drops to one per 
2,000,000 marrow cells. 31 Because many patients requir- 
ing bone repair and regeneration are elderly, treatment 
paradigms aimed at modifying the extracellular en- 
vironment with growth factors and osteoinductive scaf- 
folds without stem cell replacement may lead to inade- 
quate bone formation. The delivery of genetically 
modified osteoprogenitor cells on a matrix delivery vehi- 
cle at the treatment site will most likely maximize bone 
deposition in these patients. The isolation, purification, 
and expansion of osteoprogenitor cell populations have 
been accomplished in many species including rodent, 
canine, and human. In several provocative studies, one by 
Riew, et al., 29 and one by Lieberman, et al., 23 the authors 
have demonstrated that bone marrow-derived mesenchy- 
mal stem cells transduced with the BMP-2 gene can 
induce paraspinal bone formation in rodents and rabbits It 
was subsequently shown in our laboratory that human 
mesenchymal stem cells transduced with the human BMP- 
9 transgene via an adenoviral vector can also induce spinal 
arthrodesis in athymic nude rats (Fig. 3). Although the 
BMP genes have been the most heavily studied bone mor- 
phogen for ex vivo gene therapy, Boden, et al., 4 have in- 
serted the osteogenic LMP-l gene into allogenic bone 
marrow cells, also inducing successful spinal fusion in 
rodents and rabbits. Interestingly, massive amounts of 
bone formation occurred using relatively low transfection 
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rates with the LMP-1 gene. It is thought that LMP-1 gene 
expression up-regulates the expression of a variety of 
other osteogenic growth factors, which, in turn, stimulate 
bone formation. 

In the future, a variety of other approaches could be 
used to induce strong ectopic or orthotopic bone forma- 
tion via gene therapy approaches. It appears that BMP het- 
erodimers such as BMP-4/7 and BMP-2/7 may have 
increased osteogenic potential compared with their homo- 
dimeric counterparts. 1930 Therefore, the injection of two 
vectors in combination may strongly improve osteogenic 
activity It is anticipated in the near future that the further 
developments in the field of stem cell therapies, in combi- 
nation with osteogenic growth factor gene therapy and 
osteoconductive scaffolding materials, will strongly 
enhance the rate and quality of bone deposition in the 
paraspinal region. 
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